Specimens of human adipose tissue were cultured for one week with or without the addition of insulin. The basal as well as the noradrenaline-stimulated lipolysis were enhanced in the explants cultured with insulin, showing that the long-term effect of the hormone is lipolytic. However, an acute antilipolytic effect of insulin could be demonstrated in these explants in the subsequent short-term incubations. The basal rate of glucose incorporation into the lipids was enhanced in the explants cultured with insulin. When insulin was added in the short-term incubations these explants did not further respond to the hormone while this was the case with the explants cultured without insulin. Thus, it seems that prolonged exposure to insulin leads to a diminished acute effect of the hormone on glucose metabolism. However, the same explants responded to the antilipolytic effect showing that insulin was able to bind itself to the membrane. The activities of hexokinase (HK), glucose-6-phosphate dehydrogenase (G6PDH), pyruvate kinase (PK) and lactate dehydrogenase (LDH) were increased in large fat cells both in freshly excised tissue and in the cultured explants. However, the activity of phosphofructokinase (PFK) did not correlate with the cell size. The presence of insulin during the culture period enhanced the activities of G6PDH, PK, and LDH, while this was not found for HK or PFK. The data thus suggest that the metabolic capacity of human fat cells is enhanced by long-term exposure to insulin. Although enzyme induction could be shown for G6PDH, PK and LDH it seems unlikely that this is of importance for the increased rates of glucose metabolism in these explants since the rate-limiting enzymes, HK and PFK, were not increased. Most probably,
glycolytic enzymes, glucose.
Adipose tissue metabolism is generally studied by incubating explants for a few hours in vitro. Under these circumstances host factors may profoundly influence the results. Furthermore, the metabolic effects of prolonged exposure to hormones may not necessarily be the same as those noted after a few hours. With the tissue culture technique it is possible to study the metabolic and morphologic changes of adipose tissue exposed to variations in the biochemical environment for prolonged periods of time. We have previously described a method to maintain explants of human adipose tissue in vitro for several days with intact morphology [1] . The adipocytes are responsive to added insulin and the rates of triglyceride synthesis from glucose and release of glycerol to the incubation medium proceed in a linear fashion for at least one week [2] .
Using this method it was recently found that increasing the glucose concentration of the culture medium as well as the addition of insulin enhanced the metabolic capacity of the fat cells in the subsequent short-term incubations [3] . Furthermore, the larger the fat cells the greater the effect of these manipulations. In the present study this finding was further explored by incubating the explants with different concentrations of insulin and the effects on the lipolysis, glucose incorporation and on some key enzymes concerned with glucose metabolism were investigated. The acute effect of insulin on these explants was also studied in the subsequent short-term incubations. The results show that insulin may exert antagonistic effects on the lipolytic process; an acute antilipolytic effect and a stimulating effect after longterm exposition. The antecedent biochemical environment also seems to influence the cellular responsiveness to the stimulating effect of insulin on glucose metabolism. Furthermore, insulin was found to increase the activity of some glycolytic enzymes while hexokinase and phosphofructokinase remained unchanged.
Materials and Methods
Biopsies of subcutaneous adipose tissue were obtained from patients undergoing operations for an abdominal disorder. The ages of the patients varied from 18-76 years and the body weights from 52-130 kg. The patients were operated upon after an overnight fast. Anesthesia was induced with a short-acting barbiturate and maintained with halothane, nitrous oxide and oxygen. The biopsies were usually obtained after the skin incision and immediately placed in a sterile vessel containing medium 199 (Statens Bakteriologiska Laboratorium, Stockholm, Sweden). The culture procedure has been described in detail previously [1] . The incubation medium used was medium 199 Containing 5.6 mM glucose unless otherwise specified and with or without the indicated concentrations of insulin (recrystallized pork insulin, Vitrum AB, Stockholm, Sweden). Unless stated the incubations were performed for 1 week at 37 ~ C. The gas phase was air. Medium was not changed during the incubation period. Thus, insulin was added as a single dose only.
After 1 week the explants were removed from the culture tubes, carefully washed and then either subjected to short-term incubations as previously described [4] or, in the experiments where the enzyme activities were determined, the explants were blotted, weighed and then stored at -70 ~ C until the analyses were performed. After preincubation for 30 min [5] the short-term incubations were performed for 2 h in medium 199 containing 1.0 mM glucose, 40 mg/ml albumin (Bovine albumin, Fraction V, Sigma Chemical Co., St. Louis, Mo.) and with 0.15 gCi [1--14C] glucose (New England Nuclear, Boston, Mass., USA) and the indicated concentrations of insulin or noradrenaline (Astra AB, S~Sdert~ilje, Sweden). Glycerol was determined on the incubation medium as described by Laurell and Tibbling [6] .
After the incubation period the tissue lipids were extracted with chloroform-methanol (2 : 1, v/v) as described by Folch et al. [7] . Aliquots of the chloroform phase were evaporated to dryness and 10 ml scintillation fluid (0.4% 2,5-diphenyloxazole and 0.01% 1,4-bis-2-(phenyloxazolyl) benzene dissolved in toluene) added. The radioactivity was determined in a Packard Tri-Carb liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, I11.).
In the set of experiments where the enzyme activities were evaluated the specimens were prepared immediately after excision. Some of the samples were blotted dry, weighed and the tissue lipids were then extracted as described above and the triglyceride content determined according to Carlson [8] . In this manner the relationship between wet weight and triglyceride content was obtained. When the triglyceride content and the mean cellular weight of a given biopsy, determined as described below, were known the number of fat cells could be calculated.
In agreement with the suggestion of several investigators [9, 10] the metabolic parameters studied are expressed on a cellular basis. Mean cell diameter was determined on cells isolated with collagenase (Type I, Sigma Chemical Co., St. Louis, Mo.) as previously described [11] .
When the mean cell diameter is known the mean cellular volume can ben calculated as suggested by Goldrick [12] . The mean cellular weight was calculated on the assumption that the density of fat cells is that of triolein [13] . The number of fat cells was then determined by dividing the triglyceride content by the mean cellular weight.
Enzyme Determinations
Specimens of the adipose tissue were homogenized in 10 volumes ice-chilled 150 mM KC1 containing 50 mM KHCO 3 and 6 mM NazHzEDTA [14] using an Ultra-Turrax disintegrator for 75 seconds. The homogenization was performed at intervals in an ice-bath. The homogenates were centrifuged at 2 ~ C for 15 rain at 30000 • g and the supernatant was kept on ice until assayed for enzyme activities.
All enzyme assays were carried out at 23 ~ C in a Beckman DB-GT recording spectrophotometer with an automatic positioning attachment at 340 nm. The reactions were started by the addition of an aliquot of the supernatant to the appropriate assay mixture. The assays were performed under conditions where the reaction rate is proportional to the enzyme concentration. All enzyme activities are expressed as ~tmoles substrate utilized per min per 10 6 cells.
Hexokinase (E.C.2.7.1.1) was determined according to the method of Bass et al. [15] . For the other enzymes the assay mixtures were:
Glucose-6-Phosphate Dehydrogenase (E.C.I.1.
1.49): 50 mM triethanolamine buffer, pH 7.6; 5 mM Table 1 . Effect of different concentrations of insulin during the culture period on the basal lipolysis. The explants were cultured for one week with the indicated concentrations of insulin. The specimens were then washed, preineubated and then incubated for 2 hrs with or without 103 ~tU/ml insulin as shown. Results _+ SEM of duplicate incubations on specimens from six patients. It should be noted that the patients studied were the same as those shown in Table 3 .5 of these explants were cultured with 1.0 mM glucose and one with 5. 
Results

Lipotysis
The explants cultured in the presence of insulin showed a consistently increased basal rate of lipolysis. The release of glycerol was increased even at the lowest concentration of insulin used (400 ~tU/ml) and a further rise in the insulin concentration did not increase the lipolysis ( Table 1) . The results are thus in agreement with our previous work [3] and show that the long-term effect of insulin on human adipose tissue is lipolytic. However, when insulin was added in the short-term incubations an acute antilipolytic effect was found (Table 1) . In two experiments the explants were removed from the culture tubes, carefully washed and then incubated for another one to two days in the absence of insulin. The lipolytic rate 0f the explants previously cultured in the presence of insulin decreased successively towards basal values. The experiments thus indicate that the lipolytic effect of insulin may be overcome if the hormone is removed from the culture medium.
The acute lipolytic effect of catecholamine on explants maintained with or without insulin was studied in four experiments ( Table 2 ). The catecholaminestimulated lipolysis was considerably increased in the specimens cultured in the presence of insulin. This effect was not exclusively due to the increased basal rate of lipolysis since the absolute effect of noradrenaline was also enhanced. When insulin was added an acute antilipolytic effect was again noted. In these experiments, however, it was not clearly found for the explants cultured with 400 ~tU/ml insulin.
Lipid Synthesis from Glucose
The explants cultured in the presence of insulin had an increased basal rate of glucose incorporation in the short-term incubations (Table 3) , as also previously found [3] . This effect was pronounced even at the lowest concentration of insulin used (400 ~tU/ml). When insulin was added in the short-term incubations a significant effect was only found in the explants cultured in the absence of the hormone. It should be noted that the same explants responded to the antilipolytic effect of insulin, as reported in Table 1 . Furthermore, the rate of lipid synthesis found in the presence of insulin in the explants previously cultured without the hormone was similar to the basal rate of the explants cultured in the presence of insulin (Table  3) .
Effects of Cell Size, Glucose and Insulin on Enzymes Concerned in Glucose Metabolism
As shown in Fig. 1 there were significant correlations between mean fat cell size and the activities of hexokinase (HK), glucose-6-phosphate dehydrogenase (G6PDH), pyruvate kinase (PK), and lactate dehydrogenase (LDH) of freshly excised specimens. However, no significant correlation between cell size and the activity of phosphofructokinase (PFK) was found (Fig. 1) .
The enzyme activities were also investigated in the explants maintained for one week in vitro. Correlations between mean fat cell size and the activities of HK (r = 0.66, 0.05 <p< 0.1), G6PDH (r = 0.99,p < 0.001), PK (r = 0.87, p < 0.01) and LDH (r = 0.78,p < 0.05) were found. However, similar to the results obtained with freshly excised specimens, adipocyte size did not correlate with the PFK activity (r = 0.48, p > 0.1). Analogous results were obtained with explants cultured in the presence of insulin. With the exception of PK the enzyme activities of freshly excised specimens were similar to those found after maintaining the explants for one week in vitro. The PK activity was about seven times higher in the cultured explants.
When insulin was added during the culture period the G6PDH, PK and LDH activities were increased (Table 4 ). However, no consistent effect of insulin on the activities of HK or PFK were found. When actinomycin D (5 ~g/ml) was present during the culture period no stimulating effect of insulin on these enzymes was found, indicating that insulin may influence the synthesis of the enzymes. However, the data must be interpreted with some caution since actinomycin D alone lowered the enzyme activities by about 50%.
In seven experiments the effects on PFK, PK and LDH of increasing the glucose concentration from 1.0 mM to 5.6 mM or 11.2 mM were studied. For PK and LDH a threefold increase in the activities was noted when the glucose concentration was raised from 1.0 mM to 5.6 mM. No consistent further increase was noted by raising the glucose content from 5.6 mM to 11.2 mM. The effect on PFK activity of raising the glucose concentration was slight and only significant when the 1.0 mM and 11.2 mM values were compared (from 57 to 92 mU/106 cells).
Discussion
In a previous investigation we have shown that the basal lipolysis of explants cultured for 4 days with the present technique is similar to that found when the specimens were incubated immediately after excision [16] . Furthermore, the effect of catecholamines is enhanced [16] and the basal rate of glucose incorporation is unchanged (unpublished data). This makes it possible to compare directly the metabolic rates of the explants cultured with or without the addition of different hormones.
In the present study it was found that the basal as well as the noradrenaline-stimulated rates of lipolysis were enhanced in the explants cultured with insulin. A pronounced effect was found even at the lowest concentration tested (400 ~U/ml). Although insulin was degraded during the culture procedure control experiments have shown that after one week about 50% of the original concentration (400 ~tU/ml) was still present in the culture medium. Addition of insulin during the short-term incubations shows the acute antilipolytic effect of the hormone. This effect seemed to be associated with the lipolytic rate, i. e. the higher the basal lipolysis the more pronounced the antilipolytic effect of insulin. Similar results have recently been reported by other investigators in short-term incubations [17] .
The reason for these dual effects of insulin on the lipolysis is not clear at present. The acute antilipolytic effect of insulin is presumably mediated by a lowered cyclic AMP level, at least partly due to an enhanced activity of the membrane-bound (low KM) phosphodiesterase [18, 19] . The lipolytic effect of longterm exposure to insulin may be associated with the enhanced rate of glucose metabolism found in these explants, since a similar effect may be induced by increasing the glucose concentration during the culture period [3] . The fact that glucose or products associated with glucose metabolism, such as the cellular ATP-levels [20] , may influence the lipolytic rate has been repeatedly shown [20] [21] [22] [23] [24] [25] . A direct effect of insulin on the synthesis of lipolytic enzymes seems also possible.
The increased lipolysis of the explants cultured with insulin is due to a direct effect of the hormone on the metabolism and not to any secondary effects on the fat cell size, as previously discussed [3] . In the present study explants with large mean fat cell sizes were used. We have previously shown that under the experimental conditions used, insulin is unable to increase the size of large fat cells [26] .
The observation that prolonged exposure to insulin at the concentrations used increases the basal as well as the catecholamine-stimulated rates of lipid mobilization may be of clinical importance. It has, for instance, been shown that the obese state is associated with hyperinsulinemia [27, 28] and increased triglyceride levels [29, 30] . Apart from an effect of insulin on the lipoprotein synthesis in the liver the present data indicate that chronic exposure to increased insulin levels leads to increased mobilization of lipids from the adipose tissue.
In agreement with a previous study [3] it was found that the explants cultured in the presence of insulin had increased basal rates of triglyceride synthesis from glucose in the subsequent short-term incubations. The fact that the increased cellular rate of metabolism is maintained when the short-term incubations are performed in the same glucose concentration suggests an adaptation of the cellular metabolism either due to an enzyme induction or to a change in the membrane permeability. Although the presence of insulin was found to increase the activity of G6PDH, PK and LDH the activity of HK and PFK, which presumably are the rate-limiting enzymes for the glycolysis [31] , was not increased. The evidence presently at hand thus suggests that the stimulating long-term effect of insulin on glucose metabolism is mainly due to an effect on the translocation of the hexose across the membrane. The increased activity of G6PDH, PK and LDH in the presence of insulin may well be secondary to the increased glucose metabolism, since with an increase in the glucose concentration of the culture medium, which also increases cellular glucose metabolism in the short-term incubations [3] exerted a similar effect.
Although it seems from the present data that enzyme adaptation may occur in human adipose tissue, as also suggested by Sj6strrm [32] , this does not seem to be an important regulatory mechanism for a change in the rate of glucose metabolism. The present data are thus in harmony with previous work on human adipose tissue where only small changes in enzyme activities were noted in response to starvation-refeeding experiments [33] , a glucose load [31] or to a variation in the feeding pattern [34] . These findings are in sharp contrast to the results with rat adipose tissue, where adaptation of key enzymes may easily be shown [35, 361 . With the exception of PK the enzyme activities were similar in freshly excised specimens and in the explants cultured for one week in vitro. The reason for the increased PK levels in the cultured explants is unclear but may be associated with the levels of lactate [37] . The observation that large fat cells have increased activity of some glycolytic enzymes is in general agreement with the studies of Englhardt et al. [38] . It was suggested in that work that this may partly be due to enzyme adaptation as also indicated by the present study.
It was found in the present study that explants cultured in the absence of insulin responded significantly to the effect of this hormone on glucose metabolism in the short-term incubations. The basal rate of glucose conversion was increased to a similar extent in the explants cultured in the presence of insulin. However, no further increase was found by the addition of the hormone in the short-term incubations. In interpreting these results it is essential to exclude the possibility that, in spite of the precaution taken (washing and preincubation for 30 min), insulin was present in the interstitial space. However, we have previously shown that the increased rate of glucose metabolism found in the explants cultured in the presence of insulin could not be blocked by the addition of insulin antibodies [3] . Furthermore, the fact that the same specimens responded to the antilipolytic effect of insulin indicates that the hormone was able to bind itself to the membrane. Thus, it seems valid to conclude that the prolonged exposure to these concentrations of insulin may influence the cellular responsiveness to the hormone. This finding may be relevant for the fact that large fat cells from subjects with obesity and hyperinsulinemia [27, 28] exhibit a diminished responsiveness to insulin in vitro [10] as well as in vivo [39] . At least for the adipose tissue it may well be, as also suggested by Grey and Kipnis [40] , that the diminished acute effect of insulin represents an adaptive phenomenon which is secondary to the hyperinsulinemia. It has indeed been shown that the presence of insulin during the culture of human lymphocytes leads to a diminished number of insulin receptors [41] . Whether a similar feedback mechanism exists for human fat cells is presently unknown but may well be the case. Although the fact that explants cultured in the presence of insulin responded to the antilipolytic effect of the hormone would argue against this concept, it is possible that the insulin receptors mediating the effect on glucose metabolism are different from those mediating the antilipolytic effect [42] .
